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ABSTRACT

To discern spatial and explore the possible existence of temporal variations of
upper crustal anisotropy along an ~15 km section of the San Jacinto Fault Zone (SJFZ) in
California, and in the Fairview, Oklahoma, region, we conduct systematic shear wave
splitting (SWS) investigations using local S-wave data recorded by seismic stations.
Strong spatial variations in crustal anisotropy are revealed by 1694 and 405 pairs of
splitting parameters (including the fast polarization orientation and the splitting time),
respectively. For both areas, for raypaths traveling through the fault zones, the fast
orientations are parallel to the faults and may be attributed to fluid-filled fractures in the
fault zones. For non-fault-zone crossing raypaths, the fast orientations are consistent with
the orientation of the regional maximum compressive stress (SHmax) and reflect the
orientation of fluid-filled cracks. For the SJFZ, a three-dimensional model of upper
crustal anisotropy is constructed based on observations. An apparent increase in the
raypath length normalized splitting times is observed after the 03/11/2013 magnitude 4.7
earthquake, which is attributed to changes in the spatial distribution of earthquakes before
and after the M4.7 earthquake rather than reflecting temporal changes of upper crustal
anisotropy. For the Fairview region, the temporal variations in the raypath normalized
delay time may suggest sequences of crack opening under increased pore pressure caused
by wastewater injection and crack healing. In addition, possible precursory stress
relaxation was revealed using the SWS measurements before a magnitude 5.1 earthquake
occurred on 2/13/2016 in the Fairview region .
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1. INTRODUCTION

1.1. ELASTIC MODULI AND SEISMIC WAVES
An earthquake is the result of sudden release of elastic energy stored in the
Earth’s interior. During this process, body waves including compressional and shear
waves emerge from the earthquake focus and travel through the media in the Earth's
interior. The compressional wave or P wave has the characteristic that the particle
vibration direction is parallel to the wave propagation direction. In comparison, the
particle motion direction of the shear wave or S wave is orthogonal to the wave
propagation direction. Elastic moduli measure the abilities of materials to resist elastic
deformation. Bulk modulus represents the ability to resist being compressed, shear
modulus measures the ability to resist shape distortion, and Young's modulus measures
the material's stiffness and stretchiness.
In this study, we utilize the splitting of shear waves to analyze the spatial
distribution of seismic anisotropy. The velocity of the shear wave is given by:

O),

where p represents the density of the material, and p is the shear modulus, which is
defined as:

(2) ,
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where t is the shear stress, A l is the change in length, and l is the initial length. Based on
equations ( 1) and (2), the shear wave velocity is determined by the shear modulus and the
density of the material that the shear wave penetrates through. In liquid and gas media,
the shear modulus equals zero so that the shear wave velocity is zero.

1.2. ANISOTROPIC MEDIUMS
The anisotropy of a medium refers to the variation of a certain physical property
of the medium with the change of the investigated direction, while heterogeneity refers to
the variation of the medium's physical property with the change of position. From a
microscopic point of view, a uniform anisotropic medium is mainly caused by the
different lattice arrangements of the crystal structure, that is, it is non-uniform on the
atomic scale (Silver and Chan, 1991), and the anisotropy can be regarded as the result of
non-uniformity on the atomic scale. For large-scale earth observation science, the layered
rock mass on the surface, the oriented micro-cracks under stress, and the dominant
orientation of the upper mantle mineral lattice are different structural arrangements of
heterogeneous media (Maupin & Park, 2007). Under this circumstance, different
arrangements of inhomogeneous media structures can delineate those complex
anisotropic characteristics. The wavelengths of seismic body waves from local
earthquakes are generally within the order of tens of meters to hundreds of meters, which
are much larger than the dimension of the crack opening. Therefore, when establishing
the anisotropic model of fractured media, anisotropy results from the combination of
fracture zones and unfractured rocks.
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In order to elude the contamination from S to P wave to the first arrival S wave, a
constraint of the incident angle is required when applying shear wave splitting (SWS)
analysis (Nuttli, 1961). In the upper crust, the critical incident angle is about 35o. When
the wavelength of a sub-vertically traveling shear wave is much greater than the
characteristic length of the anisotropic structure, the medium can be regarded as a
horizontal transversely isotropic (HTI) medium. In the crust, lattice preferred orientation
of crystals and non-randomly oriented cracks are generally considered the major causes
of crustal azimuthal anisotropy that can be characterized by shear wave splitting analysis
(Crampin, 1981). The anisotropy of the brittle upper crust mostly originates from
fractures generated under the maximum principal stress (SHmax), resulting in a fast
orientation that is consistent with the SHmax direction (Kaneshima, 1990). The
correspondence between the fast orientation and SHmax direction is frequently observed
in areas formed by compressional stresses such as those associated with orogeny (Silver
and Chan, 1991; Park and Levin, 2002).

1.3. SHEAR WAVE SPLITTING
Shear wave splitting is a direct manifestation of azimuthal anisotropy, which can
be quantified by the polarization orientation of the fast wave (fast orientation or 9 ) and
the arrival time difference between the fast and slow waves (splitting time or dt). In the
HTI anisotropic mediums with a horizontal axis of symmetry, the directional arrangement
of vertical fluid-filled cracks will result in anisotropies in rock strength and shear
modulus (Equation 1 and 2). When a shear wave propagates near vertically through an
HTI anisotropic medium, owing to the anisotropic rock strength in this type of media, the
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shear wave will split into two quasi shear waves with different waves speeds. Laboratory
and observational studies suggest that azimuthal anisotropy developed in the upper
continental crust can be divided into two categories based on its formation mechanism.
The first is stress-induced anisotropy from preferentially aligned fluid-filled microcracks
that are mostly parallel to the SHmax (Cao et al., 2019; Crampin & Booth, 1985;
Crampin, 1987; Yang et al., 2011), and the second is structure-induced anisotropy that is
mostly from fluid-filled fractures along fault zones (Cochran et al., 2003; 2020; Gao et
al., 2019; Li et al., 2014; Zinke & Zoback, 2000), aligned terrane minerals (Okaya et al.,
2016), and sedimentary layering (Audet, 2015).
1.3.1.

Shear Wave Splitting Analysis in San Jacinto Fault Zone, California.

Owing to its high seismicity rate and structural complexity, the San Jacinto Fault Zone
(SJFZ) of southern California, which is a constituent of the San Andreas fault system and
is composed of the Buck Ridge Fault (BRF) and Clark Fault (CF) in the study area, is an
ideal natural laboratory for applying SWS techniques to investigate the spatial
distribution and possible temporal variation of crustal anisotropy in the seismogenic zone
associated with active strike slip faults. While it is a common practice in previous shear
wave splitting (SWS) studies to present station-averaged splitting parameters and
interpret the measurements under the assumption that a single anisotropy-forming process
dominates beneath a given station, with the consideration of raypath effect, individual
event based splitting analysis is adopt in this study to delineate the three dimensional (3
D) distribution of anisotropic properties. For the temporal variations of the splitting
parameters, owing to the spatial variation of splitting parameters could be erroneously
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interpreted as temporal variations, we investigate the splitting parameters before and after
the M4.7 mainshock to avoid this misinterpretation.
1.3.2. Shear Wave Splitting Analysis in the Fairview Region, Oklahoma. The
Fairview region is located in the northern part of Oklahoma, USA, and injection wells
with injection rates of over 60000 barrels/day are located in the middle of the Fairview
region. The injection rate of the disposal wells began to drop after reaching the peak point
in early 2015, and the seismicity in the Fairview region began to significant increase at
the beginning of 2016. On February 13, 2016, following a pre-shock sequence in early
2016, an M5.1 earthquake occurred in the southwestern corner of the Fairview region.
These two sequences of seismicity delineate a northeast-trending unmapped fault with a
NE to SW seismicity propagation direction. Yeck et al. (2015) reported a 12 km longrange transportation of disposal fluid from the clustered high rate injection wells 12 km
northeast of the Fairview, and may have induced earthquakes sequence in the southwest
corner of the Fairview region. In this study, based on a relocated seismic catalog, we
applied SWS analysis to investigate the spatial distribution of the anisotropic media and
the temporal changes of the ray path normalized splitting parameters in the vicinity of an
unmapped fault in the southwest corner of the Fairview region.
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PAPER

I. SPATIAL VARIATIONS OF UPPER CRUSTAL ANISOTROPY ALONG THE
SAN JACINTO FAULT ZONE IN SOUTHERN CALIFORNIA: CONSTRAINTS
FROM SHEAR WAVE SPLITTING ANALYSIS

ABSTRACT

To discern spatial and explore possible existence of temporal variations of upper
crustal anisotropy in an ~15 km section of the San Jacinto Fault Zone (SJFZ) that is
composed of the Buck Ridge and Clark faults in southern California, we conduct a
systematic shear wave splitting investigation using local S-wave data recorded by three
broadband seismic stations located near the surface expression of the SJFZ. An automatic
data selection and splitting measurement procedure is firstly applied, and the resulting
splitting measurements are then manually screened to ensure reliability of the results.
Strong spatial variations in crustal anisotropy are revealed by 1694 pairs of splitting
parameters (fast polarization orientation and splitting delay time), as reflected by the
dependence of the resulting splitting parameters on the location and geometry of the
raypaths. For raypaths traveling through the fault zones, the fast orientations are
dominantly WNW-ESE which is parallel to the faults and may be attributed to fluid-filled
fractures in the fault zones. For non-fault-zone crossing raypaths, the fast orientations are
dominantly N-S which are consistent with the orientation of the regional maximum
compressive stress. A three-dimensional model of upper crustal anisotropy is constructed
based on the observations. An increase in the raypath length normalized splitting times is
observed after the 03/11/2013 M4.7 earthquake, which is probably attributable to changes
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in the spatial distribution of earthquakes before and after the M4.7 earthquake rather than
reflecting temporal changes of upper crustal anisotropy.

1. INTRODUCTION

When a shear wave propagates near vertically through a transversely isotropic
medium with a horizontal axis of symmetry, it splits into two quasi-shear waves with
orthogonal polarization orientations and different wavespeeds (Ando, 1980). Shear wave
splitting (SWS) is a direct manifestation of azimuthal anisotropy which can be quantified
by the polarization orientation of the fast wave (fast orientation or 9 ) and the arrival time
difference between the fast and slow waves (splitting time or dt). Laboratory and
observational studies suggest that azimuthal anisotropy developed in the upper
continental crust can be divided into two categories based on its formation mechanism.
The first is stress-induced anisotropy from preferentially aligned fluid-filled microcracks
that are mostly parallel to the maximum horizontal compressive stress direction (SHmax;
Cao et al., 2019; Crampin & Booth, 1985; Crampin, 1987; Piccinini et al., 2006; Yang et
al., 2011), and the second is structure-induced anisotropy that is mostly from fluid-filled
fractures along fault zones (Cochran et al., 2003; 2020; Gao et al., 2019; Li et al., 2014;
Zinke & Zoback, 2000), aligned terrane minerals (Okaya et al., 2016), and sedimentary
layering (Audet, 2015). While it is a common practice in previous SWS studies to present
station-averaged splitting parameters and interpret the measurements under the
assumption that a single anisotropy-forming process dominates beneath a given station,
some studies (e.g., Ando et al., 1980; Audoine et al., 2004; Graham et al., 2020; Zinke &
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Zoback, 2000) report individual measurements and explore spatial variations of the
observed splitting parameters for the purpose of delineating the 3-D distribution of
anisotropic properties, a practice that is adopted in this study.
Owing to its high seismicity rate and structural complexity, the San Jacinto Fault
Zone (SJFZ) of southern California, which is a constituent of the San Andreas fault
system and is composed of the Buck Ridge Fault (BRF) and Clark Fault (CF) in the study
area (Figure 1), is an ideal natural laboratory for applying the SWS technique to
investigate the spatial distribution and possible temporal variation of crustal anisotropy in
the seismogenic zone associated with active strike slip faults (Mizuno et al., 2005). Both
the BRF and CF are right-lateral strike-slip faults dipping toward the NNE (Figure 1b;
Ross et al., 2017; Sharp, 1967), with a strike of about 115o (WNW-ESE) counted
clockwise from the North and a GPS-determined slipping rate of 10-16 mm/year for the
CF (Tymofyeyeva & Fialko, 2018) and 3.4 to 4 mm/year for the BRF (Onderdonk et al.,
2015). The direction of SHmax determined by earthquake focal mechanisms is N-S
(Heidbach et al., 2018). The main seismogenic zone for the CF has a depth range of 4-15
km, while that for the BRF is about 5-12 km (Figure 1b). In the study area, the two
largest earthquakes over the past 20 years occurred on 06/12/2005 and 03/11/2013, with
magnitudes of 5.2 and 4.7, respectively, both along the BRF (Figure 1a). By analyzing
the seismicity distribution and focal mechanism solutions, Ross et al. (2017) observe a
broad damage zone on the top 5 km of the BRF and CF. At the depth of 8-16 km, a
complex active zone that consists of mixed strike-slip and normal fault in the area
between the BRF and CF is also observed. They assume that the broad damage zone on
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the top 5 km is dominantly associated with the ongoing regional deformation, and the
deeper structures are mainly caused by ductile deformation.

(a)
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12

Distance(km)

Figure 1. (a) Distribution of seismic stations (black triangles), major faults (black solid
lines), and earthquakes that occurred from 1/1/1981 to 12/31/2017 (red dots) relocated by
the Southern California Earthquake Data Center (https://scedc.caltech.edu/). The rose
diagram shows the distribution of the orientation of the maximum horizontal compressive
stress in the mapped area (Heidbach et al., 2018). The green star in the middle and the
purple star in the upper left corner represent the epicenterss of M4.7 and M5.2
earthquakes, respectively. The inset map of southern California shows the study area as a
red rectangle inside the blue circle. (b) Cross section view for earthquakes (red dots)
between the two blue lines in (a) projected to profile AB (dashed line in (a)). The fault
planes (black lines) are based on Ross et al. (2017). BRF: Buck Ridge Fault. CF: Clark
Fault.
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Li and Peng (2017) measure SWS at more than 400 stations in southern
California. At Station TRO which is the only station in our study area, they report a
WNW-ESE station-averaged fast orientation and a station averaged splitting time of
0.109 s. Li et al. (2015) report SWS parameters at four stations in the study area (Figure
1), including ALCY, DW10, TRO, (which are used in the current study) and a SROS
(which is not used in the current study due to a limited number of reliable observations).
The station averaged fast orientations are N-S, N-S, and WNW-ESE, and the splitting
times are 0.103 s, 0.079 s, and 0.078 s for stations ALCY, DW10, and TRO,
respectively. They attribute the N-S fast orientations to SHmax, and the WNW-ESE fast
orientations to fault-parallel fractures. Boness & Zoback (2006) measure SWS at 86
stations in California with no stations in our study area, and report mostly N-S fast
orientations in the general area and propose that the N-S oriented SHmax is mostly
responsible for the observed upper crustal anisotropy in the off-fault regions. Results
from previous investigations in the study area are mostly presented as station-averaged
splitting parameters under the assumption that the source of anisotropy is directly beneath
the stations. As demonstrated below and by numerous previous studies conducted
elsewhere (e.g., Graham et al., 2020; Zinke & Zoback, 2000), considering the geometry
of the raypath can provide critical additional information regarding the anisotropy
structure and crustal stress field for the study area.
In addition to spatial variations of the splitting parameters, temporal variations
have been observed in some previous SWS studies. Such variations have been mostly
attributed to temporal variations in anisotropy-forming processes, including increased
magma pressure which can affect the stress orientations (Miller & Savage, 2001; Volti &
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Crampin, 2003), localized stress changes (Gao & Crampin, 2003; 2004; Hiramatsu et al.,
2010), and stress and rock physical property changes associated with earthquakes (e.g.,

Cao et al., 2019; Crampin et al., 1990; Gao et al., 1998; Kaviris et al., 2017; Lucente et
al., 2010). However, spatial variations of the splitting parameters could be erroneously
interpreted as temporal variations owing to changes in the location of the seismic sources
(Liu et al., 2008b; Peng & Ben-Zion, 2005). In this study we take the advantage of the
recent availability of a relocated earthquake catalog produced by the Southern California
Data Center and the high quality waveform data to explore the three-dimensional (3-D)
spatial and possible temporal variations of upper crustal anisotropy in the vicinity of the
CF and BRF branches of the SJFZ in southern California.

Figure 2. Magnitude -0.3 and greater earthquakes that occurred in the study area. The
recording period of each of the three stations is shown at the top of the plot.
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2. DATA AND METHODS

The seismic data used in this study were recorded by three stations (ALCY, TRO,
and DW10) over the period of 2002-2018 (Figures 1 and 2) and were obtained from the
Incorporated Research Institutions for Seismology (IRIS) Data Management Center. The
relocated earthquake catalog was obtained from the Southern California Earthquake Data
Center (https://scedc.caltech.edu/), which contains 22622 magnitude ^ -0.3 earthquakes
in the mapped area of Figure 1a for the period of 1/1/1981-12/31/2017. For the shear
wave splitting analysis, a total of 11184 magnitude ^ -0.3 earthquakes occurred during
2002-2017 were used. Station DW10 is situated inside the CF zone and provided data
from 2012 to 2017; ALCY is located at the surface expression of the BRF and the
recording period is nearly the same as DW10; and TRO is about 2 km northeast of the
BRF, and recorded waveform data from 2002 to 2017 (Figures 1a and 2). To minimize
the distortion of the free surface on the direct S-wave waveforms, only events in the Swave window, which is dependent on the velocity structure beneath the study area but
can be approximately defined by a maximum incident angle of about 35° (Booth &
Crampin, 1985), were used in the study.
The original seismograms were bandpass filtered using corner frequencies of 0.5
and 10 Hz. An automatic data selection procedure was then applied to reject events with
an S-wave signal-to-noise ratio (SNR) less than 3.0 on the filtered radial component. The
procedure for measuring shear wave splitting parameters is described in details in Liu &
Gao (2013) and is based on the criterion of minimizing the lesser of the two eigenvalues
of the covariance matrix of the seismograms after the correction for anisotropy (Silver &
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Chan, 1991). The optimal pair of splitting parameters corresponds to the maximum
linearity in the corrected fast and slow components. In addition to the optimal pair of
splitting parameters, the procedure also searches for the optimal azimuth along which the
pre-splitting shear wave is polarized (Silver and Chan, 1991).

(a) Station: ALCY{33-510°,-116.470°)
EQ12332081441{33.510,-116.497)

(b ) Station: TRO(33.520D,-116.430°)

(c) Station: DW10(33.470°,-116.470')

EQ13287203924(33.493,-116.483)

EQ13081204430(33.511

BAZ=276.238'\Dist=2.654km.Dep=13.5km BAZ=237.672°,Disfc6.301 km, Dep=14.5km
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Figure 3. Examples of splitting analysis from three seismic stations (a,b, and c). For each
column, from the top to the bottom: original and transverse components, unshifted and
shifted fast and slow components, particle motion patterns, and corrected transverse
energy contour map. The solid white circle represents the optimal pairs of splitting
parameters which correspond to the minimum energy on the corrected component with an
orientation that is orthogonal to the pre-splitting polarization direction of the shear wave.
DT: splitting time.
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To provide a visual display for evaluating the uniqueness of the optimal pair of
splitting parameters, the procedure corrects the horizontal components based on both the
optimal pair of splitting parameters and the optimal azimuth to produce a contour map of
the remaining energy on the corrected “transverse” component (see plots in the bottom
row of Figure 3). Note that the “transverse” orientation referred here is the orientation
that is orthogonal to the optimal azimuth of pre-splitting polarization which is usually
different from the orientation of the great circle arc. For ensuring the quality and
reliability of the automatically obtained results, all the splitting measurements were
manually screened to adjust the limits of the time window used for splitting analysis to
only include robust direct S wave arrivals. Additionally, the ranking determined by the
automatic process (Liu et al., 2008a) was adjusted for some of the measurements based
on the quality of the signal, linearity of the corrected particle motion pattern, as well as
the strength and uniqueness of the minimum energy value point on the contour map of
the corrected transverse component (Figure 3).

3. RESULTS

A total of 1694 pairs of well-defined splitting parameters, including 530 for
ALCY, 926 for DW10, and 238 for TRO were obtained. To illustrate the 3-D distribution
of crustal anisotropy, in Figure 4, we plot the splitting parameters at the stations (which is
the most commonly used approach in previous studies), the mid-points between the
stations and epicenters, and at the epicenters. Additionally, results from each of the
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stations are displayed separately in Figure 5, Figure 6, and Figure 7, where the splitting
times are normalized by the length of the raypath.

Figure 4. Results of shear wave splitting analysis for stations TRO (blue symbols),
ALCY (red), and DW10 (green) plotted at (a) the stations, (b) the middle points between
the epicenters and stations, and (c) the epicenters. The orientation of bars reflects the fast
orientation, and the length of the bars is proportional to the splitting time. The stations are
represented by the open circles.
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Figure 5. Resulting for fast orientations and splitting times for stations TRO (a), ALCY
(b), and DW10 (c) plotted at the epicenters, with the color of bars representing the focal
depth. The stations are represented by the red triangles.
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Figure 6. Resulting splitting times for stations TRO (a), ALCY (b), and DW10 (c) plotted
at the epicenters produced by spatially smoothing the measurements and masking the
areas without data. The stations are represented by the red triangles.
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Figure 7. Resulting normalized splitting times for stations TRO (a), ALCY (b), and
DW10 (c) plotted at the epicenters produced by spatially smoothing the measurements
and masking the areas without data. The stations are represented by the red triangles.

19
The fast orientations observed at the two fault zone stations, ALCY and DW10,
are dominantly N-S, while those at the off-fault station (TRO) are mostly WNW-ESE
(Figure 4). The average splitting times are 0.12+-0.04, 0.05+-0.03, and 0.05+-0.03 s for
stations ALCY, DW10, and TRO, respectively, and the corresponding raypath length
normalized splitting times (NSTs) are 13.55+-6.91, 4.77+-2.48, and 3.98+-2.40 ms/km,
respectively. Note that the value after the plus/minus sign represents one standard
deviation of the sample.

3.1. ALCY
The majority of the events recorded by Station ALCY on and to the SW of the
BRF possess N-S fast orientations, and those to the NE of the BRF demonstrate faultparallel fast orientations (Figure 5b). The latter group of events have larger NST values
than those in the former group, with the largest NST values directly beneath the station
(Figure 7b). The splitting times observed at ALCY are the greatest among all the three
stations (Figure 6b). The circular mean of the 530 fast orientation measurements is 15.64+-24.45°, and the mean splitting time is 0.12+-0.04 s. Li et al. (2015) report a
station dominant fast orientation of 2.5° and a mean splitting time of 0.103+-0.061 s,
which are comparable with our results.

3.2. DW10
Station DW10 has the most SWS measurements (926) which are dominated by N
S fast orientations (Figure 5c), with a circular mean of -4.14+-32.58° and a mean splitting
time of 0.05+-0.03 s. The fast orientations observed from events to the NE of the CF are
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mostly N-S, while the prevailing fast orientations of events to the SW of the CF are faultparallel (Figure 5c). No obvious spatial variations of the NST values are observed at this
station (Figure 7c). For this station, Li et al. (2015) obtained a station dominant fast
orientation of 17° and a mean splitting time of 0.079+-0.068 s.

3.3. TRO
The fast orientations observed at Station TRO are dominantly fault-parallel
(Figure 5a) with a circular mean of -45.09+-23.90°, which is comparable to the station
dominant result of -67° reported in Li et al. (2015). The splitting times range from 0.01 to
0.13 s with an average value of 0.05+-0.03 s, and the NSTs range from 0.64 to 14.69
ms/km with an average value of 3.98+-2.40 ms/km. Both the total splitting times and the
NSTs from events located to the NE of the BRF are larger than those observed from
events to the SW side of the fault (Figures 6a and 7a).

4. DISCUSSION

4.1. THREE-DIMENSIONAL VARIATIONS OF UPPER CRUSTAL
ANISOTROPY
Most previous SWS studies in the study area use station averaged (or station
dominant) local S waves splitting parameters to investigate the spatial distributions of
anisotropy characteristics, a practice that is incapable of revealing possible raypath
dependent splitting parameters associated with the 3-D heterogeneity of crustal
anisotropy. Additionally, in areas with strong anisotropy heterogeneities like the study
area, the individual splitting parameters observed at a given station may vary as a

21
function of the azimuth and the focal depth of the events (Figure 5), as observed by
numerous previous studies (e.g., Graham et al., 2020; Zinke & Zoback, 2000).
Consequently, the station averaged splitting parameters may be biased toward
measurements in the most populous event clusters, possibly resulting in misleading
implications of the actual anisotropy structure. In this study, on the basis of previously
determined fault geometry (Ross et al., 2017) and by taking the advantage of the large
number of high quality measurements, we build a 3-D anisotropy model (Figure 8) that
fits the majority of the splitting measurements. Major characteristics of the model
include: 1) in the vicinity of the two fault zones, the observed shear wave splitting is
dominated by structurally induced anisotropy with a fault-parallel fast orientation; 2)
anisotropy in areas outside the fault zones is stress induced with a nearly N-S fast
orientation that is parallel to SHmax (Zhang & Schwartz, 1994); 3) the anisotropy
strength for both structurally and stress induced anisotropy decreases with depth due to
increasing lithostatic pressure (Lin & Schmandt, 2014; Nur & Simmons, 1969; Parisi et
al., 2018). In the following we attempt to validate the model by comparing the predicted
and observed splitting parameters for each of the stations, under the approximation that
the two types of anisotropy are nearly orthogonal to each other in the study area. For a
raypath traveling through two regions of anisotropy with non-parallel and non-orthogonal
fast orientations, the observed splitting parameters vary as a function of the back-azimuth
of the raypaths, with a 90° periodicity (Silver & Savage, 1994). When the two fast
orientations are 90° apart from each other, the resulting splitting time is the difference
between the individual splitting times of the two layers, and the fast orientation is the
same as that of the layer with the larger splitting time (Pastori et al., 2019; Silver &
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Savage, 1994). If the two fast orientations are close to but are not exactly orthogonal to
each other, such as the scenario for the study area (Figure 8) where the stress-induced fast
orientation is nearly N-S and the fault zones have an average orientation of about 115o
clockwise from the North, the aforementioned relationships between the observed
splitting parameters and those of the individual layers still hold for most of the backazimuths. Note that the 115° fault strike was calculated using the coordinates of the two
ends of the BRF in the area mapped in Figure 1, and local variations of the strike can be
observed. In particular, some segments of the faults, such as the portion near Station
ALCY of the BRF and the portion near Station DW10 of the CF, are more E-W oriented
than the rest of the faults.

Figure 8 . A schematic model showing the three-dimensional distribution of anisotropic
properties. Areas shaded in orange are dominated by fault-parallel (WNW-ESE) fast
orientations. Anisotropy in the rest of the area has a N-S (SHmax parallel) fast
orientation and a strength that decreases with depth (indicated by the orientation and
length of the double-headed arrows, respectively). Black dots are events shown in Figure
1b, red dots are events used for shear wave splitting analysis, and the green star is the
location of the M4.7 earthquake projected to Profile AB in Figure 1a.
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4.1.1.

Station ALCY. Events that occurred in the area to the SW of the BRF

mainly display SHmax parallel N-S fast orientations, which can be explained by the fact
that a large portion of the raypath do not travel through the fault zones (Figure 9) but
through the SHmax controlled anisotropic region between the BRF and CF. In contrast,
raypaths from events located to the NE of the BRF are mostly in the fault zone, leading to
the observed fault-parallel fast orientations. Relative to the other two stations, the shear
waves recorded by ALCY only travel through one type of medium, which, when
combined with the anticipated greater degree of anisotropy near the BRF, may explain
the large splitting times (Figures 6b and 7b).
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Figure 9. Cross-section views of the schematic model shown in Figure 8 for station
ALCY. Dots are events with SWS measurements, and the colors of the dots indicate the
fast orientations.
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4.1.2.

Station DW10. For events that occurred between the BRF and CF, the

raypaths arrived at Station DW10 mostly traveled through the medium affected by
SHmax, leading to the observed N-S fast orientations (Figures 5c and 10). On the other
hand, raypaths from events located to the SW of the CF are mostly in the fault zone and
therefore the splitting measurements from these events are dominated by fault parallel
fast orientations.

Figure 10. Cross-section views of the schematic model shown in Figure 8 for station
DW10. Dots are events with SWS measurements, and the colors of the dots indicate the
fast orientations.

4.1.3.

Station TRO. The raypaths of the events located to the NE of the surface

expression of the NNE-dipping BRF mainly travel through the structurally induced
anisotropic medium controlled by the strike slip fault, resulting in the observed
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dominantly fault parallel fast orientations (Figures 5a and 11). Raypaths from events
located to the SW of the BRF travel through a deep layer dominated by stress induced
anisotropy with a low anisotropy strength, and arrive at the station after traveling through
a shallow layer with structurally induced anisotropy with a stronger anisotropy strength.
Because the fast orientations of the stress induced and structurally induced anisotropies
are approximately orthogonal to each other and the latter has a greater strength, the fast
orientations are dominantly fault parallel, as observed. The partial cancellation of the
splitting times can also explain the greater splitting times observed in the area NE of the
BRF relative to the SW side (Figures 6a and 7a).

Figure 11. Cross-section views of the schematic model shown in Figure 8 for station
TRO. Dots are events with SWS measurements, and the colors of the dots indicate the
fast orientations.
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4.2. APPARENT TEMPORAL VARIATIONS OF SPLITTING PARAMETERS
We next explore possible temporal variations of the splitting parameters, which, if
present, could indicate changes in the orientation and strength of crustal stress related to
an array of important tectonic processes such as magma movement and earthquake
preparation (e.g., Cao et al., 2019; Gao & Crampin, 2003; 2004; Miller & Savage, 2001;
Volti & Crampin, 2003).

Figure 12. Temporal variations of the observed NSTs (left column) and fast orientations
(right column) for Station (a) and (b) TRO, (c) and (d) ALCY, and (e) and (f) DW10. The
red dots are individual measurements, and the blue dots with error bars are averaged
measurements in 0.1-year windows. The red arrow indicates the M4.7 earthquake. NSTs,
normalized splitting times.
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Figure 12 shows the apparent temporal variations of the NSTs and the fast
orientations observed at the three stations for a 6-year period starting from 2012. Among
the possible changes, the most significant change is the NST values observed at ALCY
before and after the 03/11/2013 M4.7 earthquake, from ~5 ms/km before the earthquake
to ~20 ms/km afterward (Figure 12c). An increase in the NST values with a smaller
magnitude is also observed at Station TRO (Figure 12a). Over the several years following
the M4.7 earthquake, the NST values for both stations decreased gradually and eventually
reached the pre-earthquake level. Such a variation, if it is real, could imply the
development and healing of fractures associated with the M4.7 earthquake.
To assess whether the apparent temporal variations of the splitting parameters are
caused by temporal changes of the locations of the earthquakes (Liu et al., 2008b; Peng &
Ben-Zion, 2005), in Figure 9 we plot the splitting parameters in a 1-year time window
before and after the M4.7 earthquake. Before the earthquake, the splitting measurements
obtained at Station ALCY are mostly from events located to the SW of the BRF (Figure
14a). The focal depths of the events are mostly greater than 10 km. Immediately after the
earthquake, the splitting measurements obtained at this station are mostly from shallower
events (which are dominantly aftershocks of the M4.7 main shock) located on or to the
NE of the BRF (Figure 14b). Because the total splitting times for the two groups of
events are approximately the same (Figure 6b), the shallower events following the M4.7
main shock resulted in larger NSTs. Therefore, the apparent large increase in the NSTs
after the M4.7 earthquake observed at ALCY (Figure 12c) is mostly caused by the
change of earthquake locations and focal depths. For Station TRO, although such a
feature is not as obvious due to the fewer number of measurements (Figures 13a and
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13b), it is clear that the observed apparent NST variation at this station is also the result
of spatial changes of event locations after the M4.7 earthquake. Some events with large
NSTs occurred in the area to the NE of the BRF in the 1-year window after the M4.7
earthquake (Figure 13b), while almost all the measurements for the pre-earthquake 1-year
window were located to the SW of the fault (Figure 13a).

Figure 13. Splitting parameters observed one year before (a) and one year after (b) the
3/11/2013 M4.7 earthquake at station TRO. Colors indicate the NSTs. The red star
represents the epicenter of the M4.7 earthquake, and the rose diagrams show the fast
orientations from events in the 1-year period.
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Figure 14. Splitting parameters observed one year before (a) and one year after (b) the
3/11/2013 M4.7 earthquake at station ALCY. Colors indicate the NSTs. The red star
represents the epicenter of the M4.7 earthquake, and the rose diagrams show the fast
orientations from events in the 1-year period.

5. CONCLUSIONS

Systematic spatial variations of upper crustal anisotropy are observed by utilizing
1694 pairs of splitting parameters using shear waves from local earthquakes recorded by
three stations situated in the vicinity of the BRF and CF. The vast majority of the fast
orientations are either WNW-ESE which is parallel to the strike of the faults, or N-S
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which aligns with the orientation of the maximum horizontal compressive stress. The
observed spatial variations of the fast orientations and the splitting times can be
satisfactorily explained by a 3-D model which is composed of a zone of fracturecontrolled anisotropy adjacent to the faults, and areas of regional stress affected
anisotropy away from the fault zones. The strength of both types of anisotropy decreases
with depth. Temporal variations of the splitting parameters are observed at two of the
stations, which are mostly caused by temporal variations of the earthquake foci rather
than reflecting temporal changes of anisotropy characteristics. The study demonstrates
the feasibility of using a large number of splitting measurements to delineate spatial and
possible temporal variations in crustal anisotropy and associated geodynamic processes.
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II. FRACTURE AND REGIONAL STRESS-RELATED UPPER CRUSTAL
AZIMUTHAL ANISOTROPY IN THE VICINITY OF THE 2016 M5.1
FAIRVIEW, OKLAHOMA, EARTHQUAKE

ABSTRACT

To explore the possible correlation between wastewater injection and spatialtemporal distribution of upper crustal anisotropy, we conduct shear wave splitting (SWS)
analysis using local S waves recorded by six stations in the vicinity of the February 2016
magnitude 5.1 earthquake, which was generally considered to be an injection-induced
damaging earthquake. In the vicinity of the mainshock, a sharp increase in the magnitude
and the number of earthquakes occurred after continuous injection for more than 24
months. The spreading directions of the seismicity are revealed to correspond well with
the assumed diffusion direction of the injection fluid. A total of 405 pairs of high-quality
SWS parameters (fast orientations and splitting times) were obtained using local events
that occurred in the S-wave window. For raypaths mainly traveling through the fault zone
of the M5.1 earthquake, the observed fast orientations are mostly fault parallel or
conjugate structures parallel, which reflect the fault structure induced anisotropic media;
on the other hand, the other raypaths that barely travel through the fault-parallel
anisotropic media reveal W-E fast orientations which could be consistent with the
direction of the regional maximum compressive stress (SHmax).
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1. INTRODUCTION

In the beginning of 2010, the number of small and moderate earthquakes in
Oklahoma significantly increased (Walsh & Zoback, 2015; Holland et al., 2014;
Ellsworth, 2013), and most of the increased seismic sequences were attributed to the
long-term injection of produced saltwater into deep formations (Weingarten et al., 2015;
Ellsworth, 2013; McGarr et al., 2002; Nicholson & Wesson, 1990; Raleigh et al., 1976).
The Arbuckle group is the main target layer for saltwater disposal (SWD) wells in
Oklahoma, and it is located on top of and is hydraulically connected with the crystalline
basement (Morgan & Murray, 2015; Murray, 2014, 2013). When the wastewater was
injected into the Arbuckle group, under appropriate fault slip conditions, it induced
earthquakes by affecting the pore pressure or the normal/shear stress acting on the fault
(Ellsworth, 2013). In the first case, the increase in the pore pressure leads to a decrease in
the effective normal stress acting on the fault, which triggers fault slip when the effective
normal stress reaches the slipping threshold (Keranen et al., 2013). In the latter case,
without a hydraulic connection, the injected fluid loads stress on the fault plane, which
directly affects the equilibrium conditions (Goebel et al., 2017; Ellsworth, 2013).
The Fairview region is located in the northern part of Oklahoma, USA, and
injection wells with injection rates of over 60000 barrels/day are located in the middle of
the Fairview region (Figure 1). The injection rate of the disposal wells began to drop after
reaching the peak point in early 2015, and the seismicity in the Fairview region began to
significant increase at the beginning of 2016 (Figure 2). On February 13, 2016, following
a pre-shock sequence in early 2016, an M5.1 earthquake occurred in the southwestern
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corner of the Fairview region. These two sequences of seismicity delineate a northeast
trending unmapped fault with a NE to SW seismicity propagation direction (Figures 1
and 3). In the setting of the ENE SHmax orientation, the northeast-trending unmapped
fault is optimal for the strike-slip structure (Holland, 2013b), which is also indicated by
the focal mechanisms of the M>3 earthquakes (Yeck et al., 2016). Yeck et al. (2015)
reported that a 12 km long-range transportation of disposal fluid from the clustered high
rate injection wells may have induced earthquakes sequences with a M5.1 mainshock in
the southwest corner of the Fairview region. The long-range transportation of the injected
fluid reduces the effective normal stress applied to the fault by enhancing the pore
pressure, and the time delay of the seismicity is mainly attributed to the time required for
the long-distance transportation to occur and to exceed the threshold for slipping. Alt and
Zoback (2017) created a regional stress map based on focal mechanism inversion, and
their inversion results are in excellent agreement with a wellbore stress orientation of
N83°E in the Fairview. In addition, the conjugate strike-slip structure can be observed
from the focal mechanism inversion results.
Shear wave splitting is a direct manifestation of azimuthal anisotropy in the upper
crust (Crampin & Peacock, 2005, 2008; Crampin et al., 1990; Peacock et al., 1988;
Crampin, 1985). When a shear wave propagates nearly vertically through an effective
anisotropic medium, the splitting phenomenon can be observed as the original shear wave
splits into two waves with different speeds and orthogonal vibration directions (Ando,
1980). By analyzing the orientation of the fast wave and the time difference between the
fast and slow waves, the attributes of the anisotropic medium can be obtained. Based on
the generation mechanism, previous studies have separated the anisotropic media in the
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upper crust into regional stress-induced and structurally induced anisotropic media. For
the regional stress-induced mechanism, under the effect of uniaxial regional stress, the
cracks open in the direction of the SHmax (Evanzia et al., 2017; Savage et al., 2016;
Yang et al., 2011). For the structurally induced anisotropic media, the fault shear zones
play a predominant role in the aligned orientation of the fluid-saturated cracks (Li &
Peng, 2017; Peng & Ben-Zion, 2004; Cochran et al., 2003; Zhang & Schwartz, 1994).
Most previous studies have applied splitting analysis based on station-averaged results,
which provide macroscopic views of the spatial distribution of the splitting results.
Compared with station-based splitting results, ray-path-based splitting analysis can be
utlized to obtain more details about the spatial variations in anisotropic media (e.g.,
Munzarova et al., 2013; Zinke & Zoback, 2000; Jiang et al., 2021), which is also applied
in this study. Another research target in SWS studies is the temporal variation in the
splitting parameters. The temporal variations in the delay time (DT), ray-path normalized
delay time (NST), and fast wave polarization (phi) are mostly attributed to the temporal
changes in the localized stress (Gao & Crampin, 2003; Miller & Savage, 2001), the
physical properties of the rocks (Gao & Crampin, 2004; Katsuki et al., 2019), and the
crack opening and healing processes (Hiramatsu & Iidaka, 2015; Iidaka & Obara, 2013).
In this study, based on a relocated seismic catalog for the Fairview region in Oklahoma,
we applied SWS analysis to investigate the spatial distribution of the anisotropic media
and the temporal changes of the splitting parameters in the vicinity of an unmapped fault
in the southwest corner of the Fairview region.
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Figure 1. An overview map of the Fairview, Oklahoma, region showing the location of
the Type II injection wells (white triangles) and major faults (black lines). The red dots
are earthquakes occurred in the study area (marked by the dashed black lines) from 2014
to 2017. The rose diagram in the upper right corner shows the maximum stress (SHmax)
direction in Oklahoma. The colors indicate the variation in the water disposal injection
rates in the different regions.
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Figure 2. (a and b) Magnitude 0.9 and greater earthquakes that occurred from 2014 to
2017 in the study area. (c) Temporal changes in the total wasterwater disposal injection
volume in the Fairview region.

42

Figure 3. Map of relocated earthquakes (dots) in the study area (Schoenball and
Ellsworth, 2017). The color of the dots represents the occurrence time. The black star
reveals the location of the M5.1 earthquake projected to the surface. (b) Spatial and
temporal variations in the declustered seismicity projected onto profile AB.
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2. DATA AND METHODS

In the research area, stations FW07 and OK037 are located to the northwestern
part of the fault plane; stations OK040 and OK043 are located to the southeast of the
fault; and stations FW10 and OK038 are located at the surface expression of the fault
plane (Figure 3). The waveform-relocated seismic catalog was obtained from Schoenball
& Ellsworth (2017). This catalog contains 18574 seismic events with magnitudes of 0.7
or greater that occurred from 05/05/2013 to 11/25/2016. Based on the relocated catalog,
the seismic waveform data recorded at the six stations (FW07, FW10, OK037, OK038,
OK040, and OK043) from 2016 to 2017 were requested from the Incorporated Research
Institutions for Seismology (IRIS) Data Management Center. To reduce the distortion
effect of the P-to-S converted wave on the free surface, only events with incident angles
of less than 35° were utilized in this study (Booth & Crampin, 1985).
Before measuring the splitting parameters, the seismograms were bandpass
filtered with corner frequencies of 0.5 and 10 HZ, and the events with a signal-to-noise
ratio of less than 3.0 were rejected. The mechanism for measuring is based on the
minimization of the two eigenvalues. For a single earthquake, a covariance matrix is
constructed using seismic records containing the orthogonal displacement. When the
propagation medium is isotropic, the matrix only has one non-zero eigenvalue. When the
propagation medium is anisotropic, the matrix has two non-zero eigenvalues, and only
one fast wave orientation and delay time pair will minimize the eigenvalues (Silver &
Chan, 1991). Using the optimal pair of the phi and DT, the polarization of the original
pre-splitting shear wave can be determined with the original transverse component in the
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orthogonal polarization. To clearly measure the splitting, the trace of the particle motion,
the seismogram of the corrected radial and transverse components, and the energy
contour map of the corrected transverse energy were also generated. The criteria for
measuring splitting have been described in detail by Liu and Gao (2013), including (1)
the adjusted time window only containing the local S wave; (2) the linearity of the
particle motion; and (3) the observable minimum value point on the contour map of the
corrected transverse component (Figure 4). The same procedure has been applied to
investigate upper crustal anisotropy in southern California (Jiang et al., 2021).

Figure 4. An example of shear wave splitting analysis. (a) Original and corrected radial
and transverse components. (b) Unshifted and shifted particle motions. (c) Corrected
transverse energy contour map based on the tentative fast shear wave polarization and
splitting time. The solid white circle represents the significant value point related to the
minimum energy.
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3. RESULTS

From the shear wave splitting results, 405 pairs of high-quality splitting
measurements are obtained, including 58 for FW07, 10 for Fw10, 40 for OK037, 124 for
OK038, 22 for OK040, and 151 for OK043. The average fast orientations and delay times
are 0.042±0.015 s, 0.047±0.023 s, 0.044±0.011 s, 0.046±0.012s, 0.038±0.008 s, and
0.037±0.013 s for stations FW07, FW10, OK037, OK038, OK040, and OK043,
respectively. To investigate the ray-path dependence of the resulting splitting parameters,
the fast orientation of each event is plotted at the event’s epicenter, and the scales and
colors of the bars represent the delay time and the depth of the seismic focus (Figure 5).
From the splitting results for the six stations, three dominant fast orientations are
observed: NE-SW, NW-SE, and W-E. At stations FW07, FW10, and OK038, a single
dominant fast orientation is observed. For stations FW10 and OK038 (Figures 5b and
5d), most of the fast orientations exhibit a consistent NE-SW fault-parallel direction, with
circular means of 28.92 ± 22.04° for FW10 and 49.75 ± 32.74° for OK038. At station
FW07 (Figure 5a), a SHmax parallel dominant fast orientation with a circular mean of
87.16 ± 109.98° is observed.
In contrast to the uniform fast orientation observed at the above three stations, the
events at stations OK037, OK040, and OK043 exhibit dual or triple major fast
orientations. For station OK037, the mean circular of the fast orientation is -7.43 ±
28.46°. The event epicenters located to the south of the station exhibit fault subparallel
fast orientations, while events that occurred to the southeast of the station manifest NWSE fast orientations (Figure 5c). The fast orientations for station OK040 have a circular
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mean of -48.79 ± 57.99°. For the events that occurred to the west of the station, the
dominant fast orientation is W-E, while the prevailing fast orientation is NW-SE for the
events that occurred to the northwest of the station and is fault subparallel for the events
that occurred to the north of the station (Figure 5e). Similar to station OK040, the circular
mean of the fast orientation for station OK043 is -41.76 ± 35.05°, and three clusters of
events with different fast orientations were also observed. The events that occurred to the
west of the station exhibit W-E SHmax parallel fast orientations, the events that occurred
to the northwest of the station exhibit NW-SE fast orientations, and those to the north of
the station exhibit fault parallel or subparallel fast orientations (Figure 5f).

4. DISCUSSION

4.1. SPATIAL VARIATIONS
As we previously mentioned, the explanation of the upper crustal anisotropy can
be divided into structurally induced and stress-induced anisotropic media. Most of the
observations can be explained by the following three mechanisms. 1) Along the strike
slip fault plane, anisotropy media mainly consist of fault parallel fluid filled cracks; 2)
Conjugate strike slip structures exist along the fault, and 3) In the area outside the fault
shear zone and conjugate structures, anisotropic media comprise SHmax induced cracks.
For station FW07 (Figure 5a), most of the events that occurred to the east of the
station exhibit consistent SHmax parallel fast orientations. This observation indicates that
the anisotropic media in the ray-paths of those events are barely affected by the structure
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of the fault, and the regional stress induced anisotropic media plays important roles in the
area between FW07 and the strike-slip fault.
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Figure 5. Splitting measurements for stations FW07, FW10, OK037, OK038, and OK043
plotted at the epicenters. The color bars indicate the focal depths. The rose diagrams
show the dominant fast orientations.
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Stations FW10 (Figure 5b) and OK038 (Figure 5d) are located near the surface
projection of the fault plane, and the ray paths of the events at these two stations mainly
penetrate the regions of the fault plane and the near-fault shear zones. Based on the
dominantly fault parallel and subparallel fast orientations in these regions, we assume
that the anisotropic medium in the fault plane and in its near-fault shear zones mainly
contain fault parallel fluid-filled cracks.
For station OK037 (Figure 5c), the ray paths of the events that occurred to the
south of the station mainly extend through the fault plane and the shear zone, resulting in
fault parallel fast orientations. For the events located to the southeast of the station, the
fast orientations are neither parallel to the fault plane nor parallel to the SHmax. In this
case, a conjugate structure is expected, which is in accordance with the study of Alt and
Zoback (2017). In the same area, they utilized the focal mechanism to identify the
possible fault planes, and the resulting focal mechanism with a NW-SE slip plane strike
appears to indicate the conjugate structure. According to this previous study and the NWSE fast orientations, the ray paths of the seismic events to the southeast of station OK037
primarily extend through the conjugate fault zone, and the anisotropic medium induced
by the conjugate fault structure is attributable to the observed NW-SE fast orientations of
these events.
From the splitting results for station OK040 (Figure 5e), the ray paths of the
events that occurred to the north of the station mainly stayed within the fault structure
induced anisotropic media, which resulted in the fault parallel and subparallel fast
orientations in this region. For the events located to the northwest of the station, similar
to the events to the southeast of station OK037, the dominantly NW-SE fast orientations
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are related to the conjugate fault structure. For the events that occurred to the west of the
station, the SHmax parallel fast orientations indicate that the anisotropic media in the ray
paths of these events are not affected by the fault or the conjugate fault structure, and the
SHmax is the primary mechanism forming the observed anisotropy in this region.
For station OK043 (Figure 5f), the SHmax parallel fast orientations of the events
to the west of the station demonstrate the existence of SHmax induced anisotropic media
in the area between these events and the station. To the north of the station, the ray paths
from the events mainly traveled within the anisotropic media in the fault zone. For the
events that occurred to the northwest of the station, the NW-SE trending fast orientations
were mainly influenced by the conjugate fault structure.

4.2. TEMPORAL VARIATIONS
To investigate the effects from the high rate injection well to the dynamic changes
of the opening and healing of the cracks, we explore possible temporal variation in the
normalized splitting time (Figure 6). Three sequences of fault cracking and healing are
consequently identified. Because the six stations in the study area were deployed after the
M5.1 earthquake, NST data during and before the M5.1 mainshock are not available for
comparison. Under this circumstance, the temporal variation of NST before and after the
M4.2 earthquake is the main research object.
In the first sequence, the high NST in the time close to the M5.1 earthquake can
be attributed to the co-seismic rupture and fluid saturation processes (Li et al., 2003).
After the M5.1 mainshock, from 2016.15 to 2016.4, there was a significant drop in the
NST, which could represent the healing of the fault after the mainshock. From 2016.4 to
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2016.425, the rise in the NST denotes an increase in the anisotropic strength, which is
affected by the density and aspect ratio of the cracks (Saiga et al., 2003; Elkibbi et al.,
2005; Crampin., 2003; Gao & Crampin, 2004). Continuous supplements of wastewater
from the injection wells might have increased the pore pressure and reduced the critical
stress acting on the fault, leading to the growth of cracks.
Similar to the first sequence, the decrease in the NST from 2016.425 to 2016.575
and from 2016.6 to 2016.875 can also be linked to the healing of the cracks. Crack
opening caused by the injection of fluid was also observed from 2016.575 to 2016.6.
Finally, it is possible that the drop in the NST before the M4.2 mainshock could be
caused by the precursory stress relaxation before the mainshock (Gao & Crampin, 2004).

Figure 6 . Temporal variations in the NST for all stations. The red dots represent the
average measurements with error bars in a 0.025 year window. The red arrows indicate
the M5.1 and M4.2 earthquakes.
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5. CONCLUSIONS

Three predominant fast orientations were observed in the vicinity of the M5.1
earthquake in northern Oklahoma. For the station-event pairs with ray paths traversing
the main fault in the area, the fast orientations are mostly parallel to the fault and its
conjugate planes, suggesting that these anisotropies are mainly controlled by fault zone
structures. In the area away from the fault zone, upper crustal anisotropy is mostly caused
by the regional maximum compressive stress. The temporal variations in the normalized
delay time in the Fairview region may indicate a sequence of crack opening under pore
pressure caused by wastewater injection, followed by crack healing. In addition, possible
precursory stress relaxation was observed before the M4.2 earthquake.
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SECTION

2. CONCLUSIONS

Main conclusions from the San Jacinto Fault Zone SWS study include:
(1) Fast orientations are fault parallel for rays traversing the fault zones, and are
parallel to regional stress for non-fault-crossing rays.
(2) The observed spatial variations of the fast orientations and the splitting times in
the San Jacinto Fault Zone can be satisfactorily explained by a 3-D model
which is composed of a zone of fracture-controlled anisotropy adjacent to the
faults, and areas of regional stress affected anisotropy away from the fault
zones.
(3) The strength of both stress and structure induced anisotropies decreases with
depth.
(4) Temporal variations of the splitting parameters that are observed at two of the
stations are mostly caused by temporal variations of the earthquake foci rather
than reflecting temporal changes of anisotropy characteristics.
Main conclusions from the Fairview, Oklahoma, study include:
(1) In the near fault zones, the fast orientations are mostly parallel to the fault and
its conjugate planes, suggesting that fault zone structures mainly control those
anisotropies. In the area away from the fault zone, upper crustal anisotropy is
mostly caused by the regional maximum compressive stress.
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(2) The temporal variations in the normalized delay time in the Fairview region
may indicate a sequence of crack opening under pore pressure caused by
wastewater injection, followed by crack healing.
(3) In the Fairview region, possible precursory stress relaxation was observed
before the M4.2 earthquake.
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